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The Volta Compute Unit

Major Features include:

» New mixed-precision Tensor Cores purpose-built for deep learning matrix arithmetic,
delivering 12x TFLOPS for training, compared to GP100, in the same power envelope

» 50% higher energy efficiency on general compute workloads
» Enhanced high performance L1 data cache

» A new SIMT thread model that removes limitations present in previous SIMT and SIMD
processor designs

NVIDIA TESLA V100 GPU ARCHITECTURE — whitepaper WP-08608-001_v1.1
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[AMD Public Use]

The GCN Compute Unit (CU)

4 )

\ SGPR /
e SIMD Units

* 4x SIMD vector units (each 16 lanes wide)
* 4x 64KB (256KB total) Vector General-Purpose Register (VGPR) file

* Maximum of 256 registers per SIMD — each register is 64x 4-byte entries
* Instruction buffer for 10 wavefronts on each SIMD unit

* Each wavefront is local to a single SIMD unit, not spread among the four (more on this in a moment)

26 | LLNL AMD Training | Jan. 2020 AMD:‘



This is all Seymour’s fault”

= VVector machines begat the SIMD machines of today, even if they
were pipelined

= Early compilers either added explicit extensions for vectorization
— Vector LRLTRAN
— Vectra
— Etc.

= Or vectorized sequential loops and ultimately array expressions
descended from the extensions

= Trouble was, vectorizing sequential code is hard

*It’s not really Seymour Cray’s fault. He didn’t invent vector processing. But he did create the successful vector processor.

Cray 1 at EPFL: By Photograph by Rama, Wikimedia Commons, Cc- G
Lawrence Livermore National Laboratory by-sa-2.0-fr, CC BY-SA 2.0 fr, N A‘S"‘-qi‘\ 4
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The “Killer Micros” soon gave us SIMD vectors

= SIMD instruction sets were widely introduced in mid-90’s (MMX, 3DNow, SSE, etc.)

= Instead of pipelining, early microprocessor SIMD:
— Added wide SIMD registers
— Processed elements in those registers in parallel (usually)
— Had little support for cross-lane operations (reduction, swizzle, gather, scatter)

= Heavily reliant on data contiguous in memory

= Sequential code sti-hard even harder to vectorize ..i
. . . ®
— Relied heavily on programmers to manually vectorize

— Compilers are notoriously conservative 3DNoOw!.

— Slow code is better than incorrect code
— Cis more popular than fortran by this point, C is much harder to autovectorize

Many programmers ignored SIMD units for many years because they were just so hard to use

Lawrence Livermore National Laboratory N A‘S_ﬁ@_‘l 5
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SIMD code can be a nightmare to write and maintain

Original Code

void update jGate(double dt, int nCells, double *VM,
double *g, double *mhu_a, double *tauR_a)

{

int gateIndex=2;

int mhu_ 1= 7 ;

int mhu_m= 9;

int tauR_1= 1;

int tauR_m=13;

double tauRdt a[tauR m];

for (int j=tauR _m-1;3j>=0;j--) tauRdt_a[j] = tauR_a[j]*dt;

int mhu_k = mhu_m+mhu 1-1;
int tauR_k = tauR_m+tauR_1-1;
for (int ii=0;ii<nCells;ii++)
{

double x = WM[ii];

double suml=0;

double sum2=0;

double sum3=0;

for (int j=mhu_m-1;j>=0 ;j--)suml = mhu_a[j] + x*suml;
for (int j=mhu_k ;j>=mhu_m;j--)sum2 = mhu_a[j] + x*sum2;
for (int j=tauR_m-1;j>=0 ;j--)sum3 = tauRdt_a[j] + x*sum3;
double tauRdt= sum3;

double mhu= suml/sum2;

g[ii] += mhu*tauRdt - g[ii]*tauRdt;

27 lines of code

After SIMDization

void update_jGate(double dt, int nCells, double *VM,
double *g, double *mhu_a, double *tauR_a)
{

vectorddouble v_xa, suml,sum2,sum3

v_sumla = vec_madd(v_xa, v_sumla, v_mhu A2);

v_sumla = vec_madd(v_xa, v_sumla, v_mhu Al);
v_sum2a = vec_madd(v_xa, v_sum2a, v_mhu B2);
v_sum2a = vec_madd(v_xa, v_sum2a, v_mhu Bl);
v_sum3a = vec_madd(v_xa, v_sum3a, v_tauRdt _C2);
v_sum3a = vec_madd(v_xa, v_sum3a, v_tauRdt C1);
suml[ii] = mhu_a[9] + VM[ii]*suml[ii];//BODYCOM@
sum2[ii] = mhu_a[10] + VM[ii]*sum2[ii];//BODYCOM@
sum2[ii] = mhu_a[9] + VM[ii]*sum2[ii];//BODYCOM@
sum3[ii] = tauRdt_a[13] + VM[ii]*sum3[ii];//BODYCOMA
sum3[ii] = tauRdt_a[12] + VM[ii]*sum3[ii];//BODYCOM&
v_mhu_A1 = vec_lds(@, &mhu_a[®@]);//BODYCOMO
v_mhu_B1 = vec_lds(@ &mhu_a[9]);//BODYCOMO
v_mhu_B2 = vec_lds(@, &mhu_a[1@]);//BODYCOMO
v_tauRdt_C1 = vec_lds(@, &tauRdt_a[12]);//BODYCOM@
v_tauRdt_C2 = vec_lds(@, &tauRdt_a[13]);//BODYCOM@

) 537 lines of code
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Even Simple Code, Like DAXPY

Sequential

) 1 0 W Ty R, N S vy f v )
y[i] = a * x[1] + y[i];

After SIMDization
while (n >= 2) {
n -= 2;
_mm_store pd(y + n, mm_add pd(_mm_load pd(y + n),
~mm_mul pd(_mm_load pd(x + n), mm loadl pd(&a))));

Even the simplest code becomes tricky, and non-portable, with simd intrinsics

. . ("‘l
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GPUs gave us wider vectors but also a new programming model

= Step 1 of GPU porting is converting loops to kernels

void daxpy(int n, double a, double *x, double *y){ __global__void daxpy_knl(int n, double a,
for (int i = 9; i < n; i++) double *x, double *y){
y[i] = a * x[1] + y[i]; int i = threadIdx.x + blockIdx.x * blockDim.Xx;

if (i < n) y[i] = a * x[i] + y[i];

OpenCL

__kernel void daxpy(int n, double a,
__global double *src, _ global double *dst)

Brook+

kernel void daxpy(int n, double a,
double x<>, out double y<>) {
int 1 = instance().x;
if (1 < n) y[i] = a * x[1] + y[i];

IH'-J
IH'-J

{

int i = get _global id(9);

if (i < n) y[i] = a * x[1i] + y[i]; }
}

Lawrence Livermore National Laboratory N A‘S@ﬁg‘ 8
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GPUs gave us wider vectors but also a new programming model

= Step 1 of GPU porting is converting loops to kernels

y[i] = a * x[i] + y[i];
yli] = a * x[1] + y[i];

OpenCL

Brook+

y[i] = a * x[i] + y[i]; y[i] = a * x[i] + y[i];

It is easy to overlook the significant differences between kernels and loops

(and the execution model that goes with them).

Lawrence Livermore National Laboratory N A‘S&é‘& 9
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GPU Kernels Always Vectorize

= A GPU model has no scalar context
= A CPU model has a native scalar context but allows vector instructions in that context

= Kernel code always vectorizes
— For some meaning of vectorize
— No compiler intelligence necessary

__global void daxpy knl(int n, double a,
double *x, double *y)

{

int i = threadIdx.x + blockIdx.x * blockDim.x;
if (i < n) y[i] = a * x[1] + y[1i];

}

Lawrence Livermore National Laboratory N A‘S&@_‘l 10
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What instructions does gcc generate for a basic loop?

void naive memcpy(char * dst, char * src, size t n){
for (int i=0; i<n; i++) |
dst[i] = src[i];

*With reasonable flags: -02 —march=haswell -fopenmp

One operation, one byte at at time (move, test, branch)

. . ( "‘I
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What Happens With an OMP parallel for Loop?

void myMemCpy4(char * dst,
char * src,
size t n) {
#pragma omp parallel for
for(int i = 0; i < n; ++1i)
dst[i] = src[i];

Loop over chunks —=

Déja vu. Same
serial code
executed for a

chunk

IL Lawrence Livermore National Laboratory

LLNL-PRES-813854

(2748
NIYSE
National Nuclear Security Administration



What PTX does nvcc generate for a similar kernel?

_global  void mymemcpy(char *dest, char *src, size t n) {
int tid = blockIdx.x * blockDim.x + threadIdx.Xx;
if (tid < n)
dest[tid] = src[tid];

}

= Same memcpy as a cuda kernel

= PTX looks similar to sequential loop
= But these are vector instructions across warps

= There are no truly sequential instructions here

. - "‘I
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Making a kernel behave sequentially

= |f we want sequential behavior it has to be explicit

Parallel and unsequenced by default

__global  void sequential mc(char *dst, char *src, size t n){
if (thread_id == 0) {
for(int 1 = ©9; 1 < n; ++1)
dst[i] = src[i]
}

}
= Far more obvious this is a Bad Idea™

= Generates 74 PTX instructions to the 17 in the unsequenced

(2748
NS s
National Nuclear Security Administration
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GPU models aren’t the only way to write kernels: OpenMP

“void mc _omp simd(char * dest, char * src, size t n) {
// Copy contents of src[] to dest[]
#pragma omp simd
for(int 1 = 0; 1 < n; ++1i)
dest[1i] = src[i];

= Now unsequenced (thanks to simd directive)
= Generates three loops
— 256-bit vectors

— 128-bit vectors
— Individual bytes

Ties them together to do the most efficient thing for a length

. . ( "‘I
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GPU models aren’t the only way to write kernels:
C++17/RAJA/Kokkos

void myMemCpy6 (char * dest, char * src, size t n) {
auto r = RAJA::RangeSegment(0, n);
std: :for each(
std::execution: :par unseq, r.begin(), r.end(),
[=](size t 1) {
dest[1] = src[i]; :
}) i e
} SR
= Similarly vectorized

= Only two loops this time, 256-bit and per-byte

C++17 execution policies can express parallel unsequenced kernels as well

g o al
Lawrence Livermore National Laboratory N A‘Sﬁf_@g‘l 17
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C++17 and RAJA give flexibility through policies

= Serial sequenced or unsequenced:
— RAJA::simd or std::unseq: unsequenced kernel, vector safe
— RAJA::loop or std::seq: sequenced, order matters, compiler must prove
or provide safety

= Parallelism is another axis entirely:
— RAJA::omp_parallel_for_exec or std::par: run in parallel but still
sequenced in each thread
— RAJA::omp_parallel_for_simd_exec or std::par_unseq: both parallel
and unsequenced execution are safe

Logically a “kernel”, policy determines strength of guarantees on the spectrum from loop to unsequenced parallel kernel

Lawrence Livermore National Laboratory N A‘ ﬁf_é% 18
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Kernels that use team/block synchronization have weaknesses too

= Full context (stack, registers) must persist for ____________ Execution Model Translation 1
each logical thread across the synchronization LhT —‘ﬁ‘ wil “‘TM]L - -
= Huge context switch and flushing/loading cost to ”Jd ”*ﬁf ﬁﬁw barr e e ——
make progress for many logical threads (500+) oo | T/ e
thread arrays /o]
= This is why Apple OpenCL for CPU only ﬁ o 'f_j_,;:..)newog:’edmead -
supported one thread per workgroup ™ | =™
Lightweight threads
!

If there are no barriers (syncthreads, context:switch on barriers
workgroup_sync, etc.) there’s no cost, if there is
CPU may suffer while GPU does not

Gregory Diamos, Andrew Kerr, Sudhakar Yalamanchili, and Nathan Clark. “Ocelot: A
Dynamic Compiler for Bulk-Synchronous Applications in Heterogeneous Systems.” The
Nineteenth International Conference on Parallel Architectures and Compilation
Techniques. September 2010.

Lawrence Livermore National Laboratory N Sﬁf_iﬂﬁ 19
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Conclusions

= Eliminating sequential scalar loops from your code
and writing in “kernel” or an unsequenced parallel
form is inherently Performant, Portable, and
Productive across vendors and architectures

= But it’s not a silver bullet
— Data organization and motion are still a concern
— User must prove the safety and lack of races or data
ordering issues, compiler is absolved of dependencies
between iterations, lanes, or threads
— Synchronization can have widely varying costs at different
scopes on different architectures

= Overall, learn to love the kernel

Lawrence Livermore National Laboratory N A‘S&’_qgl 20
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We need to keep three promises in this talk

1. Explain why the kernel programming model produces code that always vectorizes
— Slides 1-6 give background and explain the vectorization challenge

2. Compare RAJA forall, Kokkos parallel for, and OpenMP omp loop toomp

for
— Omp for is a set of sequential loops in parallel

— This is where your code examples come in

3. Discuss weaknesses of kernels
— And why weaknesses are outweighed by advantages

Conclusion: Eliminating sequential scalar loops from your code and writing in kernel form is

inherently Performant, Portable, and Productive across vendors and architectures
— But it’s not a silver bullet. You still need to worry about data organization and motion

. . ( "‘l
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Cutting room floor

= We could talk about array programming

— Fortran 90 looks like an example, but really isn’t.
— We would talk to John Levesque about why Fortran vector notation isn’t nearly as nice as you think
it might be for OpenMP programming.

— 925-577-9005

Lawrence Livermore National Laboratory N Sﬁf_iﬂﬁ 23
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Godbolt links for examples

. Several host:

https://godbolt.org/#z:0YLghAFBqd5QCxAYWPYBMCmBRABLAF1QCcAaPECAM1QDsCBIZAQWBtMQBGAFIICsQAJIKtmtUMgCkggELSZpAM6Z2yAnjqVMtdAGFUrAK4BbWIACcpbegAyeW pgBylgEazilbgGZSAB1SKhBq0%2BkamFn4BQXR2Ds7Gbh7eSiqYasEMBMzEBKEMZpbKqupOmdkEsU6u7p4%2Bilk5eeGFDRX2VQk13gCUSqiGxMgcAOTSXvbIRIgAllleu
VXoWFQAdAhz2JIADACCYXNTmLPzLqgBBADOXGLAMBA41%2BKYa76%2BG9t7gu0O0k4Yzc702MASIQEMZ3rt9j9DsddIgAB5 pQwIWgQnYAN1QeHQO2MAE8ALKYYy6Xx4iDIBDZaYAKmmWHqpGmIOpdMUgyZgQAXpgAPoEaaObqgzSEAdhkOOIHOIOWUF2m%2BjlzLoBGOBEU01QVGmM7KKAFY5HQACLTIj0zD1SQGGOmM6WSmjEaYQewCvDHI1bOYSVAAwVe2ayeR4
YVZmWShkEKOSH3G906wZRmNG/QfSSiSOQZMYrE4/FEkI_ker mOukRpksOvx5CcvA8/mCkNiiVS3YyuUK1BKtDONUarxVqM2020c2W63GONjXzXYDGZiady%2BHVAYzoUMO! 0u62uuYe/O%2B%2BZ%2BrwS%ZBRB7qhsMRxPDveD%lJINi'i—N7XaY7G4wnEOI47jF1Ij QFYIrS1lalvWApCiKezijKoYdoqeLKr29D9t: LapDrGZthOLSWVSM7MHOC60EuOy%2BNkasK
wOwOhulBbvQO7up6J47r6q)sWesjBpeMo4dGt5eCaGEPjaT4wS%2BHzvrmX4Fnier/IW5bMiBblciuEGNtBaYttB7byohyGgghmroQmuEjoBmF4VKBGzvOi7Lg0twCqqzDGBq%2BD1MQeAuMiRwUdcrDUbRDGBGUIGOs6TG7sIrHehxKaBjxF5tmG4YWpGYmxneomCZOXHPamb45p%2B%2BY/gAbEpoEqZWoG6uBfKQU2MF6ZezDIqOjp3qc5wgCADW3IgEDCcs1E
BbLOQpevBhldkhPYmeqgZn3oalrYVINmhosAOOrymDMISoOEOgAOIkiKIDCOACOTLECsbjAPYECINM9O3WCIOTIDsINGXWzU7hedp8ZI44FbawmrY%2BRU7HB6YXmxOnpiVOwdjI5XfmSoo1WWWXAQBjWaQDUEfB2ulwbsHZhp1Z09ZDfX1ANQ1PHOEETVNCNyJT80GZ23Yqn2K35c0G1g%2BI3NhgASjsABSOy7SQVEAtLctXau6D7YiUheNgEBKLM1o/carMA7xwM
SxloPZeDch5dDp4W 1K8P%2BtBZPpsMvSsCAwx6sMpBmMMWx%2B6g3u6NXEqKPOgxHGMgh%2BwQ3tB70EBIGgWC41QJDkJQNDOEWbACDW/BcCINWOOHKTFMEWg6E0ZhelVVg6JUBSICAXhbJEgQonX7eN/43fBC31QeB3IdpCiZSNAY%2BR9%2BP6SIKOW%2BdKPnf10UvcNOoS/tK3NQd70kcDEM3tQr8/z2zAgBAEL4iggHKT31CsTOEAghj%2BcogwC/QKxoMY
FWAHCc8AhQANDANYFsUUFxuCCAABXUEENWWBzBRRUCoB3LwzBMCVVFIIFwWwvBeEEEMbgnBzCwPMIwK4zAAEXGYNwSgsDOCimQFsRh3BMDmC4UsKg6BkDIHMAdbBrDRReCWKwzgsDMGVSoVgVUagSAvDeDrVMXwDh/Bjpfa%2Bt974XEfgQZ%2BoJ36GE/otNUVISKAPAWAKKKCLh4PMFsehSC4GYDgU4pxWBKp6nwVsFwepODoCoMwcwUDriOPQak
PanQROMEOgLYPAXAqustRVBMDcACYIQQVAcGVUEKKbexVHEIuD2IYVgCC8kkaEBSi0(%fFVEuUQqpYSTGYIoDUAAVNEJj7DAGmFSRQVJHrZDjFgSYBASS%ZBBGthAszDonACXpOonPUwE9 gL10ZNOJLAVpmjdAdK6dMNZmxdj9PEEMzp%2BOdATLSKwaZszjgnQWU85ZrBVkbA2R9boeyszNMOcwNpAIXnaA8kcC5HxrmDIABKdIkFs%2Bw2AHI3I0Ag
0p%2BgfiYCqQCOO0OWdAEVSpKHFITlyXzuWM2gTILmkEVOSVFILMV30sHS94KiuVc1fDsYFRzwUzMhcYaFTJ%2BWguOacxQKwZUbGZKIM5jgoUVgVRqGVKwdjEGAIONEPIDBGE7Liqp2B4SHQFLpFGazkwnn2S0iV7TVXnlZaSy2poDIHIdZ06Vsqdbyg9dMIVIrnWw1dZKKVOx1XTE1dg3VBBiD60oFJi7FdAKUAiZca01lahVIMkDZgIkObvUrESdgWY5sQ3r3UMgZC9QEQz
mmH1GiXzDCaJNHGEZciJ6YA1giM1vIOTZtzfmrVhbOU8BqtTNIF7r7WCtmbQKF5y%2BmBBuYixQyLtlorOHQdEcYk3IBAemlIhLiXzEZSm51)gzUAM3DSIkwzRkotpQunWwawwHovVm%2BY17b1sp0ByrimxuUo3FWC%2BYEKS0iqfZcnYeqDUYE6 THMtM5UDYNVKAO03T6SguYBOKN3S6Q0peqWnlYZiICYAIAMWgAZKroCwzhp2tk8PTH%2BURy8pHYPEE09lajtGbXpX
HcVXjvLgPHLA, OmFuxlencHgdExbgggHIsQZDnach_eUD831Frdi%ZBquwPAyAQBZjhdMNTmANPYAGjSuijjOmeZdY9Y7kaCY%ZBDB%UZQdBsDoAh4j056D4VfYRrTIbJR_sYo4KQwIUqnEGs/kaLoGTMeCyR§4XaCRdVNFZLyMBthZGSGYDBVyHJBxSJD_KG_uZGfS 1%2BtgW QxIpS%2Bxyj6Wotxuy7ZGrSWGsyjCxxiLrWYuCfobmZzeXoNxoTZ2FpCI50KeU20
OTRXpsse07p/TVWQ3GaWyVyzD7rNbeK%2BwBz64X0jZRgVgAag8cjbBTMrZDTplwemDN2nRNdwwbA/MEAC9soLkMEqvfe59zrOg/smgB7I87E2DVXZyB91gUnfKyZxApx7z3piwSubwO7yXylrZe%2BIN7cPgf%2Bdq794UqBZPEF8v8broXUt9Za5ItrQ3522S)1jr7iXQcUbpzTOrLrevNYy1l1ncXxOuYIrQEg84aldoXo%2BmkHImBcgGawPE%2BGIMgOOK5rllbeRevcA
KCAK6120uPboDzNHWDeY2ANJtea7TSEENgKnelX4DJ3BgKg7Rnecx0vIivX%2BmDddKNO6MAYBTcPo3QC0zn76DFvt2wZtL6AYCGE3NirOIXDwb9zhitwfDcSHD5HpFOeLfbfYHbkADVU/O%2BI7QAAtBn8rkn6255yYC3IBfkAh8/sbqP66Lel5k12q9Cf/116MI7vjOSMIYCR31qgSnjCZ7bzn9Tnf89B970XgfZeh8ndOPoab8lq%2B16dzkhvzep1tIX6PnEy/SIr4W9njvggu
%2B69BYXOPxeTcH/NyP0Ox3hzjwsxr2TxnxDWdw53h3b03w/232/131/331XXLyAKBWR2k2R3PwglLrxyRgM%2B3v2R01D52xDMy30I1RnIAAHUSAQFsh%2Bhf1VI6laQlU6QBxal1SMulgg3pQUsVHRX4xBpgvIsSRCA8Qv99c98nRBIACCY%2B15grcvMHBcDp9I8CXc3cPcbk21alfdKCHZU8d8%2B8w8IAI9ZDaAN15DY9c949KUAMWCLIZ909b9A0IMs84CKCEDBMe9jC
/82CACLDa4t0ARK8zMdYp8UILIBBra8W83D1939P9ABKDDUCzdAjN1aAFDAAR8cDbDEIWC1C0j59sCI8VBX9UMPC89vC|DpD/80DD8rD5gT8Ssz9wiCjlinCYiXDzRFIH8YjWIX9Kj9CodkjajzDLDgj5hgDbsbCHC8CojCCalNIPCU8FCxiAiljMiARpisDejVCOioCCDMCeiHISD3B%2BcqixtLVdgPYRBVZfZ/ZE5g5Q5w4AdQo4hgAwvBOB44NniAVSAQF25uAVg9RBBHFRE2E
pFzAYE9ReAvZhhuA/ZjAuAthO4A4g5SAQ5hg/Y7504E5A5bi4BYBUSSIfBgF3Bs4KQSSySPBgBOAthhAfdnI3A741AXAN]SAXB7Bsg8RVZV)SA, 4RV6AABSngXdkrAeccQI7tJE0ngUJdIWTO%ZBGUéGZﬁAKXkVZFOFQdvaFwa4YgPEfQLAdUOgONVc U30XORgFgl7IluAQTgUucQcuFKBQHUU%2BWAcDDgBmICKnXkORAkjOkAR4AW4RQAEHWHOWOOkpOXoLsFEJUxv
ecQYdYYSYZABFQGiRvIUwQaYRVRYPcKQZ0zgUUbMmgWdJchE1IBXGuTdMIMweO6wZeNueOgealElGecl)sqIFEBsmoeOooCeDIVoXuXsisyeHeOlEeEudeaeGsycscjoRsw%2Bd4jgD/04n2P2NE544YeEWBSqRvSqbgaYYAfhaYOkIYLMIADOIgHQL4YQKbUk9ga8r44UMOZ0n4/ESOJAfoG%2BZECkv%2Be8nsqwfAK80QUgS0/OI7SwABa4Xwc01ch4jcjE0%2BLATgaY]
BV%2BaYbc3c/cw84808uOE03430LFZgBfSgXoAEOhFYTgLwUUPUcwLWOiIOpXBGBVCchEOgIEyMx4mUzE7EKAXE340gQkxAFAKgYACKrtTOGnECUOjEqpYIFkudN7YAb/TQYYPk3WBAPEQIZAJU7430AeSgXkly%2BEPiOgly3kHkxvL44Ew%2BaOwueeVDAAMQD]zExI/CUhvWUmMyE8sMFoECGAACBXxBt3EBDANEMG8W}V5BIN5CoFoBWE9GNGIkINUPXPZMxMwr3IPK
PKrTwumAAHFoKEAMc8BMBUzoplLyGlY4mRmjgTPjOBug3yoz/j24vAVhCF2qOrOrWLUrulvZel%2BL3zkrhh8KEKeKCLBrSAqdAhNBUAgA%3D%3D%3D

. Single host:
httgs://godbolt.org/#z:OYLghAFBquQCxAYwPYBMCmBRdBLAFlQCcAaPECAM1QDsCBIZAQwBtMQBGAFIICsQAJIKtthMngggELSZpAM622yAnquMtdAGFUrAK4BbWiADMpbegAyeWprngEaZiIAOykADqkWEGrTGRqVvaGBdHVOstuHt7KqupODATMxAQhJmaWythQemZBDFOruSeShIZOWHStWXZFfFVngCUSinngcAOTSvaIRIgAlJLmuooEG
FhUAHQI09iSAAWAggBuqHjoE5gAHsaYxsg%2BAJ4QyAiZEWBUAPrPxJhzxHhgE1hzpBM7g8Xm8PgQvjOFHOAQEAF6YZAECa0DpTbaSTwyCbYzZbbETADOBIM%2BmugLoBGOBEUE1QVAMUKKAFYSEYACITIi/MGSFm8jm4/E0YgTCD2JF4aZsjbTLGSmaOWUTSWyeSowX4/F/Ai8mSS9ITcwexm6/VspW4jEcgZdVggAZMgakMwDDZ01D23TyeQMnp9TBTQTMQROg)
2t1dCBINBYXCEEjkSg0ehMNgcHj8LgiMQSb2yJQqQgqpMwQaz1PIANisOnKcQSFg2EQCxfLFirfmbQVrlQ85kbBSKaSarfMVYHXZKWW7bV7/eHBlybZqpWn9b7XUUfv69uGo3GAemugQBAIPkUICIwDwcyWV4ICEMLkMyj6FKpSzQxgIAHC8KXWAA1Nn%2BrAbJ4BLcIIAACVCCNwkHMI4VBUH25jMIgFaellLgbOYwbINwnAAJyQYRNAEsQzDfgSzDcBWkHoJ4yAbHR3C
YIR7ELFQGDIMghGYGhFZMZ4.?_ﬁ(LExnCQahFZngIJgCQKW%ZBD4akaGEGGJMh7qu56XteBCBOQDSPi%ZBaDOO%ZBn4/sBQH/qBBJVVRGWOXBUGYFBijV&FZMtthuEvnDOFQzCEWBFFUchni%ZBZWTKOVIGAbDwL uBWzDiVQmMDcP5giCFQGEVolnheQskGCMgBKmfOPgEM8dyFABCIKeY6zotsILGD4oiUoauhjMwig0gAKsp2zPVYWATPCijPG4V60IaHIYGM
BBXD4mAQHMB6AgECAi2sDsbCHKkNTUQBOSwzfYx0dLKuJtR1zBdYevX9RMh3NVso3iBNFXPNY83cktK1rRtWO7XtrAHWsx1LNYF1XS1Ww3Z1B4zMtq20MwZzPcNbOBBIAASFUyYJgs3YDov1HNV%2Bi0JVOozBqWw6leGrYpT10aV9Z20ACL2kEzIJOKzMyTd90hc8pTVi3lcMI3dmCHij2jowGAO0AtL90zI9ihLFrayAqIT20IrAlaxMWtLFsxDAloWOflYPws5gVXYMczA/Bikt
bJanjmuY7uq0jPV64NPPbJgoecuctlqwHfWa9rTW6zHEWG2cwd4mH%2BLG6bEzmS5b1vgrbSLk8gAH21Vh6lwQTsuzTujKOnhvZxbsdLGL2BTJiGpzHd3zkrQcwnD4louKgBgTKDhhixy17PDJRaYOg33020zw7AdpDI5gAIS83Eue977vXRHiPdfLaMYy9uLveN%2BOKITXM6JTOxkwgFP8w7NdOwztMh/iFdV20h5xRPABELDmosmap01H/JeNcgGPBAV9aw4D1ji1QQfV
qR8ZYnwBmflWediAFwmDIPqB407bEHqgWSIINoagGr806zBYZpwGo8CYHNjrt3dpqd4BBehzWkBWdJADCmME4i9rQ1hON1RKLTtiHhfDAYCOET7DUV095MMPu1Y%2BcscGKOxuLbYxs2TuDwDseeEwQATA0VQsxxDIDg3jm7XEPhHysG%2BCADUV8iEkPsdgLaHMRETE8bY2WMwXpbWsOosRyi4Y2x%2BCUHQbA6CkK4cqegrD2FSISbizAvDiBzVolYf8VVIABNUT/
cUEidAcMcT/bJuT8mFNYMUOng'ORRPQVsWJSIGB4E0ckpxxBKszertJbCibnbeZOReT_kSNOadEtOZSD4VKOFU ZtS_!ﬁzIaUUSELTZRtPB abYXS%2BZ9000YyxgzrGHB6X0zhTiXFul8TjcadyOocBAP4xZ2JPHVPYOEr%2BB92nHM6fnH4AATPAWRDBsGCQ8n%2BziXCuOQ04Nn%2BOxoW LYKk gSGSJmOG UaCYMofljoxbC1gOLKnoEJRYEIWKjkxPBUIKFMK2BGK%
2BKYw4FikUoomKyrFrB4U1LTry556LyXYtWRk2kpjiBfAOtIZhOTSEFN2SUOlyzsQYrZZS1ZkjzXuAVf0zZ2y5nqv2WoxZuliTIhIMYbFs9BycyeOjzZgsixqsCuOkwZAFtC4i7uoZAzwY7uCRBAG%2Bd97Ak3Qleel QjWBILWFtcem8VHZWwHKq494xrKhpFQFoOhBCXRO9miD2JyMhBpDf1IMNoowBgEjfim gMAPoK3FNbAI6QMDIIP2VyhlgDMS4bx2US3u0Dd8atL5w31sb
FFWNMx/khN8SAVNPai20DoAAWN7VY4ZbDR3FVURW7uwbQ1ZFFPO6NX9dAcpMfPNtNMUGrvXemvtmCupYE5WYqggzjADpuYeuxY6mGTvPTWy9EaCZNtvfoc5yalldrTT/Td07%2B3fofYcP9gAAP7qHYCEdIHj3WtPVWi94br20GbTMAVFLWINU7UYFDSzso6sFcB2WoHFngenbW6Dt9YOLtOHRIIxiuWIbfahtjkrKWYa5Ya%2BVBwuMkY6bagA6iQACMQegioB
C/YuTx5asLpEcY4g8PgBDOFsu6L8RT3jEGPNgBXxCBXADZWqdFGrOwYXY/ONGQEmMJoc)J5DG6M1ZpzR9a8EwC3Be41iUFVGvMQDNT5m9eg6CrxmAx3Q4001leY2Fj9misH4eoZxot473Nnr41B1LgnfOZbjb0j5IXCvvg3bQXdn6AxleHUeqrTKavlaozGvzMx70SZmHI1Br7Quvow%2BJ39/7AMHglypwbYLhuQco216jD8mszHgx844bXu0dfQz17kP7sMrb64Rgbl6tvkz29
5hr6Xxsidkwxub7XpOCHYxSir8Xq5vZnW9qN%ZBZMuDCv193Vk3H2MYK%2Bd/7gPHVLcOKgOerKthBbiGOIh7SOmdOGdOn08ka3LOfogZchFDGTjoXQAIgBiksJkIVIIVththfZaJE4GNwJDX§uAbEbCGNOpAPQDCdOeRsVZXSE7gLAGAiAUC4ZSH%ZBdwithaS1x4YAnANjCALawSkazWQBcGTOth7CZCuPaBnpBPxnHoAAeVOF6u3WAHXiABcrO %2BB3hFF
MeeYPIxCiGEpC7p040VB29cS4CixArj6CwPHOg4)enx66MmRgLAAUZGEMIUQAgUCUSEHgFwW55IBAFQFVIIkftOOr6KslOk1vwgEpduz3lYCwpCCFoA70QzCCEbNYVCVRLAdIIMEBCYRIINgXzP3sQ%2BizFHNOPoQ/ZCz0snMOWIPZwhdzqEvifc4VwtDrLPjcW4ODFgFy TqX50BjHG59uis3AJjAB4hMCbksIKKHGEQCKMMMIGctruwBAUGMW iSITozsrszqQKzrhEsLhFg
dgTgULiLqQGLuzp4JBNztwOYPzvTkGKbqTsHrLvLiAlrkzgQKrhrp%2BDAbrhQPrullbigBXsbhLpwKQObpbtbrbsHg7mjOntnu7ISN7r7sHv7jmEHtLgHIvhHnbtHsgLHoMK7onnaMHinmnhnhgDoaGF8GLgMAzgXhSKmCXrwAllIXwVXgqgPmCnvXsdDLs3nQK3u3ncFKN3r3hMP3oPuOCPqWGPoulldPrfgfolfPi2)fImPEV2DETOFMKEUOKUK2IIRkbQEfuvukTvpEcuFOK
kfWJIwA/jTk/raMTk6G/jLval/hWN/r/r1BOEARSESIWKAfgOAXTIAcdobnThUYgS4TIMgRGMwUgDOKeLHnrmwTwVEbOSQEIEITYcXhwIRKQN%2BBRD4PNi/nUXbrLsMNOb%2BPeBMEOSOQn00Z0Z0a7krhGFOC/MwN%2BpQDUcLqLiANWIRMAZwIwOQT/hWHRIVMRDQdALNQUoAwWTnkzizI8T8dwKbv8QIMGLRIREyLwPoeYIcbQfaBMTaO8YPvURCQ8fiaQHKIZmY
NwEAA

. Cuda:
https://godbolt.org/#z:0YLghAFBqd5QCxAYwWPYBMCmBRABLAF1QCcAaPECAM1QDsCBIZAQWBtMQBGAFIICsQAJIKtmtUMgCu6ZqQDOmdsgl46ITLXQBhVKOkBbWI11b0OAGTYyIMAOQMAjTMS4BmUgAdUcwqto69h4w8vFToLK1t9BydOVwUIENoGAmMZiAj8DI0S5RUxIHYSUgjCheOcXeWTU9ICsuUqiyxLIspiASnlUSWIkDgByAHp%2BgGoAFQBPNOwhsc7ilbQsl
YRHTFIhkiHWVGZ0IbEhzAAPZn03dgAGAFIABgBBAH174C27NkehgDdUPF39Mf1MPpkG4xhBkAgUKMAFRYOprcGQgFybprLwALOWIWIQ1orSGIwA7AAhG631ZDSzYIS7S70AAIQzsW2QAGsAILoQ7nQ7QxnMII0vD6bn4wREOYEBDETA7DIcw60kI3cl4KhDCDU/HOLQ4vGWgiXACSROpRoZtIZyOQRpNPzNitIhLpjruj2eqFerHeXx%2BQwBQNQIMEYIhcxhcPmoehVt
ReAxWN1%2BOJpJV9AIVothQrLIIqthZguFPMuYoIUpI6FZCucSrJFLVGonMlexhLrSPJNDmEEpFKlDOuioHtJ1tBHpZIerequersHQth/ttZTSeddvde67VYIF6ht6pCMqup90RGOAFUGWSSLMeanIJTw j5f2hAkAscPgRBkBQ1BOIwLDsFwvACFkojiCgU5Ttk8Q%2BOomjVEYzgAGwmJoxQRFEIDONc7ieN4dAYUROFBORtD4aUTjEchuQJAUVSE6BKVHMX
kdBsQ04QMURJF1IUIHYRUhTOCOjFthOXQ9EepbOJYyB6IsY4IAQBBUHIICDMAeB10cBmSpldiSA03RgRoBDNGg%2Bj9AA7ngrCsCyLmsNcBLONwggABxUII3B%2BcwBIJUFOQXHOMwmBYQSgh2Nczhvj03CcAAnH5aWcPOXDMI5/TMNwWF%2BegBLINcxXclgaUleg6BUOgyDIGIMoxeVBLOHV5WcH5UVYdIWAECxJDnAgbhulLS2COolymOKpOhTBpWk6Xp/QGUZIKI
GZFmOGgE9A2XZgAOC5rnua5Xn9PFaXXIVwX%2BZg/k3TdWBYYaCXXHYhqcPVzBpd5uX5RFBIfZwho3Y16DXDwdh2FhzA9VQmDCcF9giCFQsVYYIBKvXVfMCMg/R7TObgEPc4K5Cyo3jZNLgG3ENpYiENWpaKpzByHIow03cFmWMASxs/cDgGbQy5YKpBATIEB10gIAgGLrAfGWY4jINECtOcQUWOrrQONcONnMwTNjgz70c84U3c144)8319ymKLuSsBLkzSwQsvy07SusC
rasabYOt67cplG4zi3ai7GgnFMgsW6SPM2wAEmMzRKYML2CaMuWjLKyOhzZgINjputyaEXypdnnxMGtqEJ2 1rtBrLH2CkJuSKVwX1fZwLpiNzTcf93WIleAobQ1jpHtDR6MayhOb4cs617PnEvk3zAVHPWNH8IrOMS/nLcxDAHIXO3HUXCSMoQzty T2DHBfHa07uG768PYfM6bHM;|C35ddj/Eov7Pb8167xXu/IYG8ARF3rL/LsoDd5DH30fY%2Bp9z7YmzhTK%2BncME32YMo
FWaxwGrHgQfOQwD%2B7YCTJ2FcyQVDIHMHQO0RwW3BzDsKgXQnw2CSHDgyQy9xBosUwOge2t9SYfDwQQtYCCSHLWHo6Akzon7B2fgzABY9JYTwBObS2twES82TnIVO6d0J0A%2BFNnHOLIMFI3rCXdAlifSYOEWOfsUI1i10FmnSwvcLaQLsXQKu2DcHaicS47umhPFTTIUHIeyjjYRzUZPJupJKEXyJGzRayY7hMNQENZQAIQCbhGEMGQyQg7khGPmeu6sKGtyGNKAg
XQRaIiwkUSgJStZSPzAHdsGSoElMWHU4gDTBBNKNiOhRSde7jkZEpRI857j3ichBdJHB4A%ZBAI0YIAhiZOyUNXYKSFC%ZBwtlUjJZIWB4GQHk8uOihj7MwIc7Act66t0ubc%ZBSctTCRKonxJBAZ4XWKJoNgdAOmUMpOU9xtBKn32/r0/p|taCSFciTYgrSJnléBQcTQULuk/1qunEiLWDItRVMyZ8{'JBS3CSdiBngzggtJNs/hsthYquOthISUDIJUi3SJLtzovoBOrF7Lq|c
vhYS41Yy2lkumSfX5KDL5SHTpTyTZjKem7BpQzellymTnMufWa5Wqg6WPIhc862fNjWQRAB875XyKXyr%2BdiAAangVIkg2C300fWNwpz9Wbg%2BGbupbAKRCsZBCqF91hjDmIYG91laMWdOXDGwe9raZUqGK6%2BNrBInEFWestVfraFZuDawL10KfVFoNeSONpbQOEHBCLSpgA1nEDzepHFXZxU8qJXy6VaKalBo9awetwrODNtbe2nVPTuOIt5Si/tpLg5pp3HcQYOIS
D6BDXwniDdoQnGYGiXmrAxjlOIKgFkGgflG30fcNmllsQQD0QYywGcbHagBTILYVhIpy29pw7xopBDYFbWMSUvMKQcyolOUsghdalnxKu%2BVN7kB3vZo4R9YAwDPohW%2BscrzAn0D7g8kA/7ViblgzPImérdmMISbB%2BDdYRIOLQW%2BIUWGCcOGPfVoK1dyLZ/o4eR8usHaBOAALRUamDRIZrwDmo0Y%2Bm6ht770YfVIx19pdtS5vzdxykxGBN6CE/WSj/8mZY
DzWSs3YVBz36C2eenZMn6PyaDsx5T6HUhqZTrhzTWgdDaprCRsjgGRPick4UI1ZImhjWaOnZr)TK6Nybg3K1zqGVMeafV5rjY4S3Dol4FwTwXUaluHQlu5zmFEpdY6pjL%2BjvPcZy2wbTInf2kYKxRorQ7tORfWS2xwU6GNyvXQAdRICYFINROMRgptCSO0%2BZUBgkYdKdmPgalG2WHMSU%2BxvY/EIGMa9LGOuPvU7QN9edREfuSIC79fH8uGcK8BOD4GbaGSizB8r4pFM
oaq%ZBI'ijNPaGth%2BjhHq7hNuwBQréng_sdZUerWKthS%ZBSZ_DZG/snaMch7PHaXsBaOFyHonaASdM1J%2B_28W4cDe%ZBZSpH32jv0904DrT3XdNEbIQZiHwnUthszqLNanOdh05hHTHaeHc87VerZxx%2BZijtrXPBBESJQEquPIdeszDOrVOHWVYIzVIQGOAdY%ZByS1sthdefGR17Nuv3v7bc2xo3dWZfagazmInCu7uQ%ZBK11izPMO/thp
pDD87j7hEEeE8Z4vxXhvIhMsT55KLRmpwD88fWjtBZCAZG5WCSF%2BcCjbg2NrheQINH303BTz6C40XuPF4E%2BIFPLPEIndm8/hglgFAygXKOHIIQeybh%2B90Cx01Tg1xhDQedo4XSEA7Dx9IHYSwKQxhHgz6QeyAJ6AAHIaAngX1gLd4hlIN9IPgaUeQ1m6XP0OcXIkghob9PISRQz%2BRBADsLIYgYwdBYHf78kKM/uODQPQEWGWBWDWPWMYHBBINILIGenYLpJAOO
IGAKLfmJrvs4K3jkLumhADVAEYEMrhOYIOARCONRGRAKJRMQTRAKFJIRIwDhHECXPkPUDQcwbgaxPUAWRQRIOXIQUIMWTWWAQYJEweO0CntOBWHBIXrHueleKQNeLONYM6r5uSBALgIQBsEpMIEqQcKPq%2BIwHiHeA%2BInp3qQL%2BCAJONpl/oPmCH3uwNECYIBCQEIKQKAeBBASAGIKQISLIGAMAbIlaePlc3kpJwEMMSIKGAQoTqGYd%2BOO0MsDsGUOrkQLnoa
NwOCcKjEMsFASIaDNDVEFFXjXqQHXpPiRCEYoUeK3iAO3IngeEe0%2BI3goUoXEfuO0K214GoNWEAA%3D%3D%3D
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